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SECTION I 

INTRODUCTION 

The development of the space shuttle and the current interest in 

maneuverable re-entry vehicles has promoted renewed interest in the study of 

the characteristics of transitional and turbulent boundary layers,and the 

phenomena of shock wave-turbulent boundary interaction at large Reynolds 

numbers in high speed flows. These problems are, of course, interrelated 

through a sensitivity of the characteristics of turbulent interaction regions 

to the detailed structure cf the boundary layer upstream of the turbulent 

interaction regions.  In this report we address the two problem areas; (1) the 

development of the boundary layer downstream of the beginning of transition, 

its approach to "equilibrium turbulence" and the characteristics of a constant 

pressure turbulent boundary layers in hypersonic highly cooled flows > and (2) the 

structure and the characteristics of attached and separated regions of shock 

wave-turbulent boundary layer interaction in high Mach number highly cooled 

flows. Here we seek to understand the mechanics of turbulent boundary layer 

separation and reattachment and their dependence on Reynolds number and Mach 

number. 

Two areas of particular interest in gaining an understanding of the 

structure of hypersonic turbulent boundary layers under constant pressure con- 

ditions are the transition region and the region downstream from the point of 

maximum heating where the turbulent boundary layer approaches an "equilibrium 

condition".  The mean and fluctuating components of skin friction, heat trans- 

fer, and the pressure fluctuations through the transition region are of parti- 

cular interest because it is in this region that theoretical models of the 

flow are particularly weak. The fluid physics of the beginning of the tran- 

sition process as well as the structure of the transition region are not well 

understood and the theoretical prediction methods used to described these 

regions are based on convenient expressions rather than an enlightened physical 

insight. These models do not describe the generation of turbulence or turbu- 

lent bursts which we believe are essential elements of the fluid mechanics of 

these regions. There is a clear need to obtain detailed experimental measure- 

ments of the length of the transition region and the properties within it. 

1 
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Close to the end of the transition process, in the neighborhood of the 

point of maximum heat transfer and skin friction, the local Reynolds number 

based on momentum thickness is generally low enough for the outer region of 

the turbulent boundary layer to be strongly influenced by viscosity. This 

"low Reynolds number effect" is far more pronounced in compressible high Mach 

number,highly cooled flows. While the phenomena is not well understood, it is 

believed that the tui-Hulent scale size in this region of the flow is signifi- 

cantly larger than for an equilibrium boundary layer and thus the observed in- 

creased heat transfer and skin friction results from an increase in the tur- 

bulent diffusivity.  It is clear that the region downstream of the point of 

maximum heating »ontains remnants of the transition process. Just how long 

the "memory" of the turbulence generated in the transition process is re- 

tained in the boundary layer is an important question which is at the heart of 

the development of the non-equilibrium turbulence theory. Here it is of 

particular importance because we would like to know at what distance downstream 

from the point of maximum heat transfer a valid comparison can be made between 

measurements in turbulent boundary layers over cones and flat plates and the 

methods devised to describe fully developed turbulent boundary layers under 

constant pressure. An equally important question is at what Reynolds number 

can we study regions of shock wave-turbulent boundary layer interaction to be 

sure that the variation of incipient separation and scale of the interaction 

region with Reynolds number do not simply reflect the variations of the struc- 

ture and properties of the initial boundary layer with Reynolds number as the 

result of the non-equilibrium development of turbulence downstream of the 

transition region. 

The detailed description of regions of shock wave-turbulent boundary 

layer interaction in compressible high speed high Reynolds number flows pre- 

sents one of the most formidable tasks in fluid mechanics. For not only is 

the problem fully elliptic, we are faced with describing the non-equilibrium 

development of turbulence, where for flows above Mach 6 the effects of pressure 

fluctuations and compressibility must be incorporated.  For this reason, it is 

essential that the experimental studies be conducted to provide insight into 

modelling these flows. From the modelling standpoint, there are two basic 
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approaches which are being employed at this time.    Techniques which employ the 

first or second order boundary layer equations require a model for the turbu- 

lent interaction process, as well as a model  for turbulence; at this time a 

proven model for this purpose remains to be forthcoming.    Recently,  solutions 

based on the time-dependent Navier Stokes equations have been generated at 

Mach numbers up to 8 and Reynolds numbers of 200 x 10 .    Here the uncertainties 

revolve about the gross approximations which are made in the numerical schemes 

to obtain a large mesh size so that computer solution times are within 

practical bounds.    Again, turbulence modelling becomes of key importance. 

Aside from turbulence modelling questions,  the   development of simple 

models based on the boundary layer equations to describe regions of shock wave- 

boundary layer interaction presents significant problems.    The upstream in- 

fluence in these flows was originally thought to be associated with propagation 
1 2 through the subsonic region of the boundary layer.    Mowarth,    Tsien    and Finston, 

3 
and Lighthill    developed this model of flows,  but found upstream effects were 

far smaller than observed in experiment.    This approach could not be used to 

explain the differences between upstream influence in laminar and turbulent 

boundary layers.     For low Mach number flows the interaction concept first 

proposed by Oswatitsch and Wieghardt    has met with far greater success.    This 

model,  in which the boundary layer is assumed to grow in equilibrium with the 

pressure gradient caused by its growth, has formed the backbone of later more 

sophisticated theroretical approaches.    Surprisingly,  two of the first inter- 

action models to successfully employ this approach,  developed by Crocco and 

Lees    and Lighthill    take a markedly different approach.    While Crocco-Lees 

assumes that the viscous and inertial terms are of equal importance in the 

interaction leading to separation,  Lighthill suggests that the viscous terms 

are important only in the incompressible sublayer, with the flow along any 

streamline in the main body of the boundary layer being governed only by 

inertial and pressure forces.    This latter work was further developed by 

Stewartson and Williams,    who demonstrated that the Lighthill model is strictly 
o 

accurate only at high Reynolds number or order 10 .     It is interesting to 

note that while both Lighthill and Crocco-Lees predict an increase in upstream 

influence with increased Reynolds number for laminar flows,  Lighthill's work 
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predicts a decrease in upstream influence with increasing Reynolds numoer for 
o 

turbulent interactions with Crocco-Lees predicting the opposite trend. Click, 

using a modified form of the Crocco-Lees method, was the first person to obtain 

solutions describing a complete separation region induced by shock wave- 

laminar boundary layer interaction; however his method was highly empirical 

and could not be extended to describe high Mach number flows under non-adiabatic 

wall conditions. To eliminate some of the semi-empirical features of the 

Crocco-Lees method, Honda introduced a fourth equation, the moment of momentum 

or kinetic energy equation. A fourth order polynomial profile was used to 

describe laminar profile in attached and separated flows. Honda found this 

approach was in good agreement with pressure measurements in laminar supersonic 

flow over adiabatic surfaces. Honda found that when an analogous approach was 

used to describe turbulent separation in supersonic flow above Mach 3, a mutual 

interaction between the viscous and inviscid flow which gives rise to an 

adverse pressure gradient could not be developed - the flow is termed super- 

critical in Crocco  formulation. 

Later, Lees and Reeves  used Honda's formulation together with the com- 

pressible forms of the Falkner-Skan velocity profiles, obtained by Cohen and 

Reshotko,  as suggested earlier by Bray, Gadd and Woodger13 and Savage14 to 

describe laminar separated flows. Good agreement was obtained with measure- 

ments obtained by Chapman,Kuehn and Larson  in adiabatic flows. Holden 

found this approach could not be used to describe separated flows over cooled sur- 

faces. To describe laminar viscous interaction regions under highly cooled 

wall conditions, Hoiden introduced the integral form of the energy equation 

in addition to the equations for the conservation of mass, momentum and 

moment of momentum used earlier by Honda. The similar solutions of Cohen and 

Reshotko were used to describe both the velocity and enthalpy profiles in the 

attached and separated regions. While good agreement was found between theory 

and experiment for highly cooled laminar separated flows at Mach number below 

12, above this value laminar boundary layers were found to exhibit a super- 
17 

critical response. Similar results were obtained later by Klineberg and Lees, 
18 19 20 

Gautier and Ginoux,  Riethmuller and Ginoux,  and Bloy and Georgeff. 

When an analogous approach was adopted by Holden to describe turbulent 
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interaction regions, he found, as did Honda for adiabatic flows, that the free 

interaction model could not be used to describe the separation process above 

Mach 2.3.  In these flows the separation length is of the same magnitude as 

the boundary layer thickness and it is believed that a significant pressure 

ratio is generated across the boundary layer in these regions. For laminar 
21 

interactions in high speed flows, Holden  found it is possible to remove the 

supercritical response of the boundary layer by allowing pressure to vary 

accross the boundary layer. The normal momentum equation in which the viscous 

terms were assumed small was used, in conjunction with the forementioned con- 

servation equations, to obtain solutions where previously artifices such as 
22 

the super-subcritical jump were required.  Myring's " solutions for the de- 

velopment of turbulent boundary layers on compression surfaces again demon- 

strated the imporance of including a pressure gradient across the boundary 

layer, lodisco and Reeves,  and Hunter and Reeves  have attempted to use the 

conventional momentum integral technique, together with revised velocity pro- 
25 

files and scaling suggested by Alber and Lees.   In this formulation, a super- 

subcritical jump is required to link the solution ahead of the interaction 
• r 

region with that in the recircult-tion region.  The analyses are strictly 

valid only for adiabatic flows, and as we shall see later from the experimental 

evidence in section 5, the flow model is an oversimplification of a region or 

shock wave-boundary layer interaction which can be justified only for large 

separated regions. 

It is clear from experimental studies and Navier Stokes solutions, 

the pressure gradients generated across the boundary layer in the separation 

and reattachments of turbulent interaction regions are of the same magnitude 

as the streamwise gradient and must be modelled if these are to be described 

correctly. Here the most attractive simple approach is to divide the flow 

into two or more layers, treating the lower layer as viscous while incorporating 

the normal pressure gradient into equations for the outer layers. This 

approach has been u:ed in the earlier studies by Lighthill, Honda and later by 
26 

Rose.   However, problems of matching conditions at the boundaries between 

layers and modelling turbulence has thwarted attempts to obtain a successful 

solution which describes the properties of a complete turbulent interaction 

region in high speed flows. 

I 
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Within recent years the increase in the speed of digital computers 

combined with the development of efficient numerical codes has made it 

p 'ssible to attempt solutions the Navier-Stokes equations for Reynolds numbers 

of practical interest. To avoid problems stemming from this inherently 

elliptic character of the separated regjon in these flows, these equations 

arc solved in their time-dependent form which are parabolic in form. One of 

the first detailed solutions using this technique was obtained by Carter," who 

investigated laminar flow separation induced over a flat plate-wedge com- 

pression corner.  However, MacCormack" and Baldwin and MacCormack,  with the 

development of more efficient numerical codes, were able to obtain the first 

solution for regions of shock wave-turbulent boundary interactions. Subse- 

quently, llorstmann,"  et al, and Hankey  have used this approach with varying 

degrees of success.  However, each author uses a different model for turbu- 

lences and it is clear that none of these models is completely satisfactory, 

when used to describe turbulence in highly cooled flow at high Mach numbers. 

The large mesh size (based on Reynolds number) required to obtain solutions 

within a practical time for turbulent interactions introduces questions on the 

accuracy of the computer solutions. Only by comparing these solutions to detailed 

experimental measurements will we be able to resolve questions on turbulence 

modelling and the numerical accuracy of these techniques. 

In this repoit, we first describe the experimental facilities and 

measurement techniques which were used in the experimental program. A discus- 

sion of the observed characteristics of transition and the transition region on 

flat plates and cones ij given in Section III.  In Section IV, comparisons 

between measurements on flat plates and cones are compared with simple predic- 

tion techniques. A detailed study of the characteristics of regions of shock 

wave-turbulent boundary layer interaction is then presented. Here we first pre- 

sent the measurements made in the experimental study. These salient characteris- 

tics of the interaction regions are correlated with measurements made earlier of 

the results of semi-empirical prediction methods.  Incipient separation and 

Reynolds number effects are discussed in detail.  Finally, comparisons are made 

between measurements in shock-induced interaction regions and Mavier Stokes 

solutions by Baldwin and MacCormack. 
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SECTION II 

EXPERIMENTAL FACILITIES AND MEASUREMENT TECHNIQUES 

I.      EXPERIMENTAL FACILITIES 

The experimental programs were conducted in Calspan's 48-inch and 

96-inch Hypersonic Shock Tunnels. The operation of these tunnels can be shown 

simply with the aid of the wave diagram in Figure 1. The tunnel is started by 

rupturing a double dinphragm which permits the high-pressure air in the driver 

section to expand into the driven section, and in so doing generates a normal 

shock which propagates through the low-pressure air. A region of high- 

temperature, high-pressure air is produced between this normal shock front 

and the gas interface between the driver and driven gas, often referred to as 

the contact surface. When the primary or incident shock strikes the end of 

the driven section, it is reflected, leaving a region of almost stationary 

high-pressure heated air.  This air is then expanded through a nozzle to the 

desired freestream conditions in the test section. 

The duration of the flow in the test section is controlled by the 

interactions among the reflected shock, the interface, and the leading 

expansion wave generated by the nonstationary expansion process in the driver 

section. The initial conditions of the gases in the driver and driven sections 

are controlled so that the gas interface becomes transparent to the reflected 

shock, as shown in Figure 1; thus, there are no waves generated by interface- 

reflected shock interaction. This is known as operating under "tailored- 

interface" conditions. Under these conditions, the test time is controlled 

by the time taken for the driver-driven interface to reach the throat or 

the leading expansion wave to deplete the reservoir of pressure behind the 

reflected shock; the flow duration is said to be either driver-gas limited 

or expansion limited, respectively.  Figure 2 shows the flow duration in the 

test section as a function of the Mach number of the incident shock. Here 
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it can be seen that for operation at low ~\ 's running times of over 25 milli

seconds can be obtained \"ith a long dr ... ver section. By running the tunnels 

at low incident shock Mach numbers at high driver pressures, we can generate 

large unit Reynolds numbers at high f.lach numbers as shown in Figure 3. 

2. ~DDELS, TEST CONDITIONS, AND INSTRill-1ENTATION 

The measurements presented in this report were taken on sharp flat 

plate and cone models, similar to those shown in Figures 4 and 5, over a large 

range of test conditions generated in the Calspan 48" and 96" Shock Tunnels. 

Table I lists the configurations and test conditions for the flat plate studies. 

a. Skin Friction and Heat Transfer Instrumentation 

A diagram of the skin fri tion transducer used in the present studies 

is shown in Figure 6. The transducer consists of a diaphragm supported 

flush with the model surface by two piezo-ceramic beams, which develop a 

charge when placed in bending by a surface shear on the diaphragm. A third 

beam provides acceleration compensation; the beams are connected electrically 

to eliminate thermal, normal, and transverse pressure effects. An FET 

impedance transform circuit is mounted internally to eliminate cable noise 

effects at low levels of skin friction. The gage, developed and refined over 

the past 11 years, has been used to measure very low levels of skin friction 

encountered in separated regions in low Reynolds number hypersonic flow and 

more recently, very high levels in regions of shock wave-turbulent boundary 

layer interactions in hypersonic flow. Because of the very severe heating 

conditions encountered in the latter studies, special care was taken to 

minimize the heat conduction through the flexures. The very large dynamic 

loads generated on the transducers during tunnel shutdown when run at the 

high dynamic pressure conditions used in our studies caused the diaphragms 

to be torn from the supporting beam. This problem was minimized by careful 
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design of the flexure and by mounting the transducer in the seismic mass- 

rubber suspensic-. system shown in Figure  6. 

Thin-film heat transfer gages were used in the present  study.    This 

technique is based on sensing the transient surface temperature of a non- 

conducting model by means of thin-film resistance thermometers.     Because the 

thermal  capacity of the gage is negligible,  the instantaneous  surface 

temperature of the backing material  is related to the heat transfer rate by 

the classical semi-infinite slab  theory.      Analog networks were used to 

convert the outputs of the gages,  which are proportional  to surface tempera- 

ture,  to a voltage directly proportional to heat transfer.    The gages are 

fabricated on either small pyrex buttons or contoured inserts and mounted 

flush with the model surface. 

b.       Surface Pressure Measurements 

We employed two types of surface pressure transducers  in our studies 

of turbulent boundary layers.     The Calspan-designed and -constructed lead 

zirconium titanate piezoelectric pressure  transducers     were used to obtain 

essentially the mean pressure distribution, although the transducer and 

orifice combination could follow fluctuations up to 15 kHz.    A second flush- 

mounted transducer, especially designed for high-frequency measurements by 

PCB in Buffalo, was used to obtain surface pressure fluctuation measurements 

from 200 Hz to 120 kHz.    To prevent  a resonance, a special mounting system 

was developed  (as shown in Figure 7)   to lock   .he gage firmly into the model. 

A thin insulating barrier of aluminized mylar was attached to the diaphragm 

of the transducer to prevent thermal heating effects. 

3. DATA RECORDING AND PROCESSING 

The outputs from the transducers were recorded on a NAVCOR magnetic 

drum system and on a high frequency FM tape recorder, and also monitored on 

oscilloscopes.    The NAVCOR system, which holds 48 channels in digital  form, 

15 
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is essentially a low-frequency system; whereas the 18 channel AMPEX FM 

recorder has a range of 0 to 1 MHz and was used to record the fluctuation 

data. The fluctuation measurements were recorded in analog form and subse- 

quently processed by an analog-to-digital conversion/data storage system 

and digital computer program using a fast Fourier transform to yield the 

statistical properties of these measurements. 

r 
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SECTION III 

OBSERVATIONS ON BOUNDARY LAYER TRANSITION AND THE 
TRANSITIONAL REGION IN HIGH SPEED FLOWS 

I. INTRODUCTION 

Predicting the beginning of transition to turbulence is of course 

of fundamental  importance in every branch of fluid mechanics, but of particular 

importance in high-speed flows where heat transfer is a prime consideration. 

Although recent advances have been made in understanding the mechanism of 

transition,   the point  at which a high-speed laminar boundary layer becomes 

unstable cannot be predicted with any accuracy from purely theoretical 

considerations.     It is becoming increasingly evident that the level of dis- 

turbance induced within the boundary layer from roughness or mass addition 

at the leading edge or nose, or external  to the boundary layer from pressure 

fluctuations  in the free stream,   is a factor of fundamental importance in 

the mechanics of transition.    Thus one must incorporate the detailed response 

of the boundary layer to the specific initial  and external environment, 

as well as describe the amplification of unstable modes within a laminar 

boundary layer,  to describe the mechanics of transition. 

Experimental observations of transition in hypersonic flow suggest 

that this process may be characterized at onset by a series of "wave-like" 

instabilities.    These instabilities are followed by the occurrence of 

intermittent eddies, the intermittency increasing with downstream distance 

until  the generation process appears continuous.    Following this region of 

increased turbulent intensity, there is a relaxation region where both the 

turbulent scale size and intensity relax toward  fully developed, or mature, 

values. 

Transition is  first observed in our studies  as a series of "spikes" 

in the time-heating rate history from the thin-film heat transfer gages. 

17 



These well-defined increases in heating can be associated with the turbulent 

bursts created at the edge of the viscous sublayer which occur during the 

second phase of the transition process. These observations are supported 

by the reduction of records from adjacent gages which indicate that the 

disturbance responsible for the temporal increase in heating is convected 

downsticam at a fraction of the freestream velocity. Just downstream of where 

the spikes in heat transfer are first observed, the output of the gages 

exhibits strong fluctuations, and the mean heating and skin friction levels 

increase above their equivalent values for laminar flow.  In this region, 

the outputs from the high-frequency pressure transducers showed fluctuation 

levels significantly larger than those observed downstream of transition. 

The heat transfer and skin friction rises monotonica"ly through the transition 

region to reach a maximum value close to the "end" of the transition process. 

The relaxation process during which the heat transfer and skin friction 

approach "equilibrium turbulent flat plate values" occurs downstream from 

the point of maximum heating. The length of this relaxation process is to 

some extent dependent upon the heat transfer properties chosen to define it; 

however, for gross prediction purposes, this length is approximately 15% of 

the length to the point of maximum heating. A typical heat transfer distri- 

bution through a transition region in hypersonic flow is shown in Figure 8. 

Similar measurements over a wide range of Mach and Reynolds numbers over both 

flat plates and cones, plotted in Figure 9, have indicated for untripped 

boundary layers that the length of the transition process is roughly equal 

to the preceding length of laminar run. Here for convenience we have defined 

the length of transition as the distance between the initial departure from 

a laminar behavior and the point of maximum heating. The variations shown in 

Figure 9 reflect the intermittent nature of the process as well as real 

differences between the length of transition in different transition 

environments. 

18 
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2. DISTRIBUTION OF PROPERTIES IN THE TRANSITION REGION 

32 
Applying Enunons  theory, together with a point breakdown hypothesis, 

33 
Dhawan and Narashima  suggest that the intermittency ^ can be related to 

tT*T)S    E 

nondimensional distance in the transition region   & = (*.-xB) 

the relationship 

From this we can develop the equation 

,  through 

CD 

(2) 

The measurements of intermittency using hot-wire and thin-film gages (shown 

in Figure 10)suggest that surface thin films can be used to obtain accurate 

measurements of ?   .  Figure 11 shows the variation in the form of the heat 

transfer distribution through the transition region as a function of A    . 

Our measurements suggest that Ait  describes the form of the distribution 

most accurately. This value compares with the figure of 0.412 suggested 

in Owens  for subsonic flows. 

3.      OBSERVATIONS ON THE OCCURRENCE OF TRANSITION 

Experimental measurements of boundary transition on sharp flat plates 

and cones made in many different studies conducted in the Calspan 48- and 96- 

inch Shock Tunnels form the basis for the correlations presented herein. 

We have also selected measurements and observations from ballistic range and 

downrange shots for comparison.  It is clear from the studies of Pate and 
35 

Schueler  and extensive measurements made at NASA Langley that boundary layer 

transition on moc Is in wind tunnel studies is strongly influenced by the 

freestream pressure environment.  In general, our studies were conducted at 

Mach and Reynolds numbers considerably larger than those in the studies of 

Pate and Schueler, Thus, the magnitude of the noise radiated from the tunnel 

walls and the intensity on the axis should be significantly less in 

our studies. A direct result of Pate and Schueler's findings is that 
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a decrease in the tunnel size,  for the same freestream conditions,  should 

decrease the transition Reynolds number.     However,  transition measurements 

(shown  in Figure  12)  made  in the A and D  nozzles, which have exit  diameters 

of 24 and 48 inches, respectively,  do not exhibit this scale effect,  even 

though a unit Reynolds number variation is evident  in the correlation. 

Predictions based on Pate and Schueler's  correlation suggest transition 

Reynolds numbers of over 200 million should be anticipated for our test condi- 

tions, which ir- clearly well  in excess of physically meaningful values.    Our 

measurements of transition plotted in terms of the parameters suggested by 

Pate and Schueler  fall below their earlier correlation  (Figure  13).   Expressing 

transition in terms of the Reynolds  number based on the momentum thickness  at 

transition onset,  we can compare our measurements with the results of earlier 

studies  conducted in the ballistic range  and on full scale  flight tests, 

as shown on Figure 14.    Here we have  included measurements  from cone and 

flat plate studies; we can see that,  although our transition measurements 

on flat plates are consistently larger than those on cones, both sets of 

measurements are  in essential agreement with ballistic range and flight 

tests.     It  is clear that in these tests  the position of transition was 

influenced by factors more complex than those governing transition in the 

tests conducted by Pate and Schueler.    Whether the fluctuating pressure 

level  of the freestream is the principal   factor influencing transition, as 

indicated by the measurements of  Stainback,   Fisher,  and Wagner,      or whether 

this quantity is  directly related to parameters which themselves  govern 

transition remains to be determined. 

One of the most interesting and puzzling aspects  of boundary  layer 

transition  in hypersonic flows is  the difficulty one finds  in attempting to 

induce transition prematurely.    Experimental  studies at Calspan and Langley 

in which attempts were made to trip boundary  layer above Mach 8 were 

singularly unsuccessful.    To generate a de-stabilizing disturbance in a 

hypersonic,  highly cooled,   laminar boundary layer requires  large trips to 

reach into the critical  layer located in the outer region of the boundary 

layer.     Although tripping was found to disturb the structure of the boundary 

layer,  causing an increase in the  local  values of skin friction and heat 
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transfer, the Reynolds number (based on distance to the end of transition) 

at which the boundary layer exhibited the characteristics of a "fully 

turbulent" boundary layer was only slightly less than if "natural" transition 

had been allowed to occur. This finding suggests in high-speed flow 

one cannot develop an equilibrium turbulent boundary layer until it 
37 

can become self-sustaining. Following Bradshaw  ^ one can examine 

the lowest Reynolds number at which turbulence can exist by suggesting that 

self-sustaining turbulence can exist only when the energy or shear stress 

producing eddy size and the dissipating range of eddy scale size just overlap; 

i.e., where a viscosity-independent region can be established. Here produc- 

tion and dissipation exist in equilibrium, while a lower Reynolds number 

dissipation is the dominant mechanism. This criterion can be expressed in 

terms of an eddy Reynolds number ^"e* which is derived from comparing the 

scale size of the energy containing eddies [a = ("^j^/fl with the Kolmogorov 

scale size [V*/E.^}  , to give Re^s/—),  which must exceed 30 for equilibrium 

flow. For hypersonic turbulent boundary layers, the measurements of 

Demetriades indicate that u a- o.om^and  Asr O.IS  .  By evaluating^ at the 

edge of the sublayer for a turbulent boundary layer with momentum thicknesses 

equal to those at the beginning and end of transition, we obtained the 

correlation shown in Figure 15. Here we have related 6   and <f from the 

correlations shown in Figure 16. Our measurements indicate that transition 

is complete by Re^sof  approximately 50, with transition beginning at 

Reynolds numbers of approximately half this value. It is interesting to 

note that plotting the measurements in this format significantly reduces the 

Mach number dependence although a slight Reynolds number trend is still 

observed. 
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SECTION IV 

COMPARISONS BETWEEN TURBULENT PREDICTION METHODS 
AND MEASURED SKIN FRICTION AND HEAT TRANSFER 

We have chosen to perform the comparison between the measurements 

of heat transfer and skin friction within the framework suggested by the 
38 

Spalding-Chi  method. Here the measured coefficient of local skin friction 

and heat transfer ( C, and C) are related to an equivalent quantity in an 

incompressible flow (Cr . and Ci,.  ) through the relationship 

Ch=Fi(McT^/T0)Q: 

cH.' Fc(MeWre)CH 

The local  Reynolds numbers based on the momentum thickness, S ,  and distance 

from the  virtual origin     Xy,  Re   an(i   ^e* '  resPectively>  aTe related to 

similar quantities  in the incompressible plane through the relationships 

We have assumed that the Karman-Schoenherr relationship 

where the average skin friction  CF; is related to the local skin friction Ct. 

Cf.^   0.2 + 2    CFi\_0.2H-Z +0.9C9c(cFi.)     ] 

accurately describes the skin friction distribution in the incompressible 

plane. 

31 

 *. 



In the Spalding-Chi  analysis, the transformation factors Fc  , F*, 
39 

and Fx   were determined from Van Driest's      analysis  and correlations of 

experimental measurements.     For this analysis, the transformation factors are 

-/      - -/, v-2 
(Fc  )       =    r file  (^n" Oc -h  Avn'ß) 

and F*    =    F0   •  F^Z 

'* , o .s-% 'z 
where (X= (ZA

Z
~B)(+A

Z
+B

2
) Osnot ß = B(H-A*-!-B2) 

and A - [rme(~) ] *cvruJ B = (f + T Me - ^X^^ 

where a recovery factor ('rj of 0.89 was used. 

Van Driest's analysis  is based on the Prandtl-Karman mixing length 

model, together with a compressibility transformation, to describe the 

compressible turbulent boundary layer over a flat plate.  From this analysis, 

the transformation or compressibility factors are 

- -/    • -/  ■-2 

C /VD l 

and F
x  

= Fe   Fc 
-f 

The function   Fc   is  identical  in the Van  Driest  and Spalding-Chi 

analyses. 

40 
From Eckert's       enthalpy method,  we can deduce the 

transformation factors 

(r.l - ' 
* 

(Fe)B   --'*. 

ancl FX    =    FG    FC1 
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■ . 

where we have evaluated these expressions for two definitions of the reference 

temperature 7 , 

TE    =   0.5 T„ +  0.22   rA„ +   0-29 rE 

7,  = O.ST»   +   0. 16.6 7   rAW + 0.33 3 T£ 

To compare the prediction methods with the experimental measurements 

in the ^c^ -^^c plane, the momentum thickness,©, must be calculated. ö "0 We 

—r—</*, to calculate 

this quantity.  For our measurements in transitional and turbulent flows, 

we found that the Reynolds analogy factor was close to unity, as shown in 

Figures 17 and 18. Thus, when only heat transfer measurements were avail- 

able, we calculated the momentum thickness from the expression 0-j CHOIK 

To compare the experimental measurements with the theories in the 

f^Ct ~fj,Rex  plane, it is necessary to define a virtual origin from which the 

turbulent boundary layer is assumed to grow.  We assumed that the momentum 

thickness of the turbulent boundary layer at the end of transition Q   was 

given by 

(1) 

(2) 

Ö. 

Ö, 

/    cH dx 

0B    + 
e BB, 

* e0+6 BE 

(3)     ^ x   eB+ J ■  c„iAM   d> 

(4)     eu  =   e B 

The first assumption gives a comparison in the Fc Cr'Ff Pe    plane 

which is directly equivalent to the Fc^ - Fe f?ee   correlation. We make the 

second assumption for a direct comparison with the method for determining 
41 

the virtual origin suggested by Bertram and Gary  which is discussed as 

follows. 
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The third and fourth assumptions are based on pragmatic situations where no 

measurements of transitional heating and the momentum thickness exist. We 

assume that the momentum thickness is identical to that of a boundary layer 

which is laminar up to the assumed beginning and end of transition, respec- 

tively. In each case, once the momentum thickness is specified, the distance 

of the virtual origin from the point of maximum heat transfer is calculated 

from the respective theories. 

Finally, we have used the method suggested by Bertram and Gary, 

who, based on the best correlation of their data with the Spalding-Chi theory, 

place the virtual origin at the point where ^66=:Reg+   6Bf  . 

In correlating the measurements made on the conical models in the 

FeCu-Fh Rev   >  we employed the Mangier transformation in the form suggested 

by Bertran and Neal to relate the measurements on the cones to an equivalent 

two-dimensional flow.  For an equal distance from the virtual origin of the 

turbulent boundary layer on flat plates and cones, the local Stanton number 

on the cone would be larger than that on a flat plate by the ratio 

(c*) 
'/*_ „     .p    //?.       -r^f-r'/i 

cm* ( Zn - f   \        f   '' "*y   \ -      lv 

(c*)te       V " C-^ v   \ - 

i, /    K* 

/*' w e* 
f*(***Aj 

'71 

By employing the above equation,  the measurements on the conical bodies 

were transformed into the equivalent two-dimensional compressible plane 

and subsequently to the incompressible plane by the transformations given 

above. 

The measured heat transfer and skin friction over sharp flat plates 

are compared with the prediction methods of Van Driest,   Eckert,  and Spalding-Chi 

in Figures 19 through 30.     In the FcCf-FQRI    plane,  the measurements can be 

compared with the incompressible theory without additional assumptions. 

However,  in the fcCj>-Fe %£&   plane,  each comparison is influenced at small 

values of fte      by the choice of the position of the virtual origin.    A 
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major purpose of the present study was  to examine the prediction methods under 

high Mach number (M60>6)  and highly cooled wall  conditions.    Examining the 

comparison between theory and experiment in  /c^ "^ee ^ö plane,  we see that the 

Van Driest theory is in best overall correspondence though it tends to overpredict 

the heat transfer and skin friction at the lower Mach numbers.    The Spalding-Chi 

method, while comparing best with  the low Mach number measurements,  significantly 

underpredicts the heat transfer and skin friction at high Mach numbers.    The 

prediction method supported by the  Fxkert       approach falls between the 

Van Driest and Spalding-Chi methods on predicting heat transfer and skin 

friction.    Defining   T*  based on the average temperature    T.    gives the 

best overall comparisons between the prediction method and experiment. 

The comparisons between theory and experiment of course require an 

assumption of the position of virtual  origin,  as described above.    Assuming 

Gr- Gg + Ogghas  its equivalent  in the comparisons  in the ^ee plane;  thus,  it is 

not suprising that we again find Van Driest's method  compares best with 

experiment,  followed by Eckert and Spalding-Chi.    The remaining three assumptions 

have the effect of progressively decreasing the distance to the virtual origin, 

which tends to move the Spalding-Chi method into better correspondence with 

the experimental observations.    Using the position of the virtual origin at the 

mid-point of the transition region as suggested by Bertram and Cary, we find 

that the Spalding-Chi method compares best with the measurements in the high 

Reynolds number (low Mach number)   regions, while the Van Driest theory over- 

predicts the measurements.    Surprisingly,  Eckert's method with this definition 

for the virtual origin is  in best overall correspondence with experiment. 

The heat transfer measurements on the conical models are compared with 

the prediction methods in the same format as that used for the flat plate 

measurements in   Figures 31 through 36.    The comparisons in the   fy^c'^RQ^e 

plane again show closest correspondence between the Van Driest method and the meas- 

urements.    The Spalding-Chi method underpredicts the heating rates by as much as 

36 
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20 percent in the high-Mach-number, low-Reynolds-number regions. The Eckert 

method again falls between these two methods in accuracy. In the ^^V~/y/?e 

plane, choosing d^, «^ «^results in the best comparison with the Van Driest 

model, as shown in Figure 31b. Here Spalding-Chi underpredicts significantly. 

Defining Xv »O at Qg+Oßc/Z  as suggested by Bertram and Gary results in the 

smallest length of virtual origin; however, again the Spalding-Chi predictions 

are low and the Van Driest theory compares best with the measurements. 
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Figure 21a. COMPARISON BETWEEN THE MEASURED HEAT TRANSFER AND 
THE THEORY OF ECKERT    (^ = eB + eBE) 
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Figure 21c. COMPARISON BETWEEN THE MEASURED HEAT TRANSFER AND 
THE SPALDING-CHI THEORY   (ev = eB + GBE) 
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Figure 22b. COMPARISON BETWEEN THE MEASURED SKIN FRICTION AND 
THE THEORY OF VAN DRIEST  (ev = 0B + eBE) 
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Figure 22c. COMPARISON BETWEEN THE MEASURED SKIN FRICTION AND 
THE SPALDING-CHI THEORY    (ev = 0B + eBE) 
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Figure 248. COMPARISON BETWEEN THE MEASURED SKIN FRICTION AND 
THE THEORY OF ECKERT   (ev = eB + QBE/2) 
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Figure 24b. COMPARISON BETWEEN THE MEASURED SKIN FRICTION AND 
THE THEORY OF VAN DRIEST (ev = eB + eBE/2) 
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Figure 24c. COMPARISON BETWEEN THE MEASURED SKIN FRICTION AND 
THE SPALDINGCHI THEORY (Gv = eB + QsE/2^ 
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SUCTION V 

bXPERIMENTAL STUDIES OF SHOCK WAVE-TURBULENT  BOUNDARY LAYER INTERACTION 

1. INTRODUCTION 

The complexity of regions of shock wave-turbulent boundary layer in- 

teraction makes  it essential thai information from experimental observations 

and measurements be used to construct  realistic models of the basic inter- 

action and the turbulent transport mechanisms, which control tiie detailed 

structure of these flows.    A feature of turbulent  interaction regions which 

presents particular difficulties for both theoreticians and experiments arises 

because of the inherent bi-model structure of the boundary layer.    The 

laminar sublayer in regions of shock wave-turbulent boundary layer interaction 

in higr  speed flow is of particular significance because it is within this 

region disturbances are first propagated upstream,  and in this region,   a region 

of reverse flow is  first established.     Clearly,  the importance of this region 

is a function of the sublayer thickness, and for a given Mach number and 

Reynolds number is  largest under adiabatic wall  conditions.    To construct 

simple models of turbulent interaction rogions,  the theoretician first needs 

to determine the mechanism of upscream influence through the boundary layer. 

Here a central issue revolves about whether a boundary layer subjected to a 

distrubance,  responds upstream of the disturbance in such a way that a mutual 

and self-sustaining interaction between the viscous and inviscid flow takes 

place.     If such a mechanism occurs,   is it independent of the nature of the 

downstream disturbance, does the disturbance trigger a free interaction 

process?    While for laminar interactions in supersonic flows experiments have 

verified analytical  techniques based on free-interaction models for turbulent 

flows,  the situation is not as well defined.    While the measurements of 

Bogdonoff and Kepler in shock-induced and step-induced turbulent separated 

flows indicate that the pressure distribution in the separation region is 

independent of the agency-promoting separation,  the result was not confirmed 

in extensive studies by Chapman,  Kuehn and  Larson.     In more recent studies of 

both shock-  and wedge-induced separated regions  in hypersonic flows,  Holden 
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found that these flows exhibit free interaction phenomena at the low end of 

the Mach number range. However, at Mach numbers greater than 10, where the 

length of the interactions were small compared with the initial thickness of 

the boundary layer, the forms of the pressure, skin friction and heat transfer 

distributions in shocks and wedge-induced interaction regions with equal 

pressure rises exhibit measureable differences. 

While basic models of the turbulent interaction process must be 

sought by theoreticians who use some form of the first or second order 

boundary layer equations tö describe the development of the iscous layer, 

this problem does not confront those who attempt to solve thi -ime dependent 

Napier Stokes equations. Rather these problems are replaced by problems in- 

volving the numerical technique and mesh size used in the computation. 

However, the common element to all approaches which attempt to describe, in 

some detail, attached and separated regions resulting from shock wave-turbulent 

boundary layer interaction is the necessity to model turbulence. A key problem 

in modelling and interpreting measurements made in such regions revolves about 

an understanding of how the properties of turbulence develop through and down- 

stream of transition, and in regions of streng pressure gradients and flow 

separation. While these problems are difficult enough at low Mach numbers, at 

Mach numbers above 5 we are confronted with new questions which center about 

phenomena which might be classed under the collective title "turbulent com- 

pressibility effects". The development and relaxation of turbulence through 

the transition region may also be strongly influenced by compressibiTity 

effects because strong pressure disturbances are generated in this region. 

In this program, we have performed experimental studies designed to 

examine in detail some of the phenomena discussed above so that we may more 

accurately describe and understand the characteristics of attached and 

separated turbulent interaction regions. Here we sought not only to obtain 

information which we can use to better model such flows, but also planned to 

generate sets jf measurements of sufficient detail tha they can be used to 

evaluate theoretical models of these flows, for example solutions to the 

time-dependent form of the Navier Stokes equations. While this latter 
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technique does not require a specific flow model, the numerical codes and, of 

course, the turbulence modelling remain a subject for research. 

One approach which can be taken to examine whether the free inter- 

action modelling is a valid concept is to compare the distribution of properties 

and salient features of attached and separated interactions promoted by 

widely different disturbances. In this study we have compared the distribu- 

tions of skin friction, heat transfer and pressure in the separation, plateau 

pressure and reattachment regions of shock and wedge-induced flows. The 

pressure rise to separation, the plateau pressure, the reattachment pressure 

and heat transfer are distinctive features of shock- and wedge-induced flow 

which can be readily compared. In addition to providing information against, 

which to test the flow models, empirical correlations of such measurements 

provide an important guide to the designer where numerical solutions are 

unavailable, too costly or unnecessary. 

In laminar two-dimensional flows, incipient separation is defined as 

a condition where the interaction strength is sufficient to induce a condition 

where skin friction is zero at one point only in the interaction region. Tur- 

bulent interaction regions are more complex and our studies reveal that the 

time wise variation of skin friction at conditions close to incipient sepa- 

ration is a significant feature. Thus, we have defined incipient separation 

in our studies as the condition when the time-average of the skin friction is 

zero. A discussion of the definition of incipient separation in terms of 

properties used to define it is given together with comparisons between 

measurements made in earlier studies in Section 5.5. The influence of Reynolds 

number on the occurrence and scale of a turbulent interactions has been a 

subject of controversy within the past several years because of conflicting 

results from researchers where experiments closely resembled one another. A 

discussion of the Reynolds number effects is given in Section 5.4. A 

characteristic feature of shock- or wedge-induced turbuleit separated regions 

in hypersonic flow is an unsteadiness which stems, it is believed, from the 

shock-turbulence interaction. While the magnitude of the pressure fluctuations 

are of such proportions that they warrant detailed investigation from a 
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structural engineering viewpoint, the gross unsteadiness of the turbulent 

separated regions poses serious questions on the validity of modelling those 

flows without including these unsteady characteristics. Finally, measurements 

of heat transfer, pressure and skin friction obtained in our studies are com- 

pared with solutions to the time-dependent Navier Stokes equations obtained by 

Baldwin using the MacCormack formulation. 

2.      DISTRIBUTIONS OF PROPERTIES IN WEDGE AND SHOCK-INDUCED 
INTERACTION REGIONS 

A major purpose of this experimental program was to investigate whether 

there is a reversal in the variation of the length of a separated interaction 

region, as well as pressure rise to induce incipient separation, with Reynolds 

number (Rec) in the range 10 i Re «< 10 .  Earlier experimental studies of 
0 0 

boundary layer separation on tunnel walls and models mounted within the test 

core show conflicting trends with Reynolds number. While measurements on 

models mounted in the test core indicatfJ that increasing Reynolds number 

increased the size of a separated region or made the boundary layer easier to 

separate (a trend similar to that observed for laminar boundary layers), the 

reverse trend was noted for turbulent separated regions on tunnel walls. 

In general the experiments performed on tunnel walls were at larger Reynolds 

numbers (based on the local boundary layer thickness) than those for models 

mounted within the test core. This suggests that the absolute Reynolds 

number may be an important parameter. However, comparisons between measure- 

ments in separated regions induced on walls of different facilities by the 

same strength of interaction differed in structure. This suggests some 

influence of three-dimensional effects on these interaction regions. Three- 

dimensional effects should be at a minimum at incipient separation. Since 

a reverse in the trend of the variation of incipient separation with 

Reynolds number is also observed in these studies, we are inclined to believe 

this reversal is connected with changes in the structure of the turbulent 

boundary layer upstream of the interaction region or with the viscous-inviscid 

interaction mechanism. Theoretical and experimental studies by Bushneil 
42 

et al.  have indicated that turbulent boundary layers on tunnel walls can be 

far out of fluid dynamic equilibrium close to the exit plane of the nozzle. 
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In fact their studies show that one must travel at  least one thousand boundary 

layer thicknesses downstream of this point before remnants of the boundary 

layer on the nozzle wall are dissipated and the boundary layer approaches 

local self-similarity.    Few experiments performed on tunnel walls fall within 

1000   ^'s from the exit plane,  and thus precise effects of the distortion of 

the velocity profile resulting from nonsimilarity on turbulent separation 

remain to be determined. 

In our test program in the Calspan 96-inch Shock Tunnel, regions of 

shock- and wedge-induced attached and turbulent separated regions have been 

studied.     Figuie 37 is a photograph of the model  in the flat plate configuration 

installed in this tunnel.    This model is similar to that used in our earlier 

studies of turbulent flows, but was completely redesigned with almost an order 

of magnitude increase in the density of instrumentation in the interaction 

regions.    The model contained over 200 pieces of instrumentation distributed 

between three leading edge plates,  a center section of the model,  and a flap 

or wedge section.     Figure 38  shows the installation of the instrumentation in 

the wedge and center section of the model.    Because loads of several tons are 

imposed impulsively upon the model during starting and stopping of the tunnel, 

the skin friction gages are shock-mounted, and extensive measures are taken to 

prevent extraneous signals from acceleration or cable movements.    Because of 

the severity of the fluctuating flow field in the reattachment region under 

some conditions the skin friction gages there were torn apart,  again under- 

scoring the importance of the reattachment region in both the thermal and 

mechanical design of hypersonic re-entry vehicles. 

Wedge-Induced Separated Flows—The development of a turbulent sepa- 

rated region with increasing interaction strength is  shown with the aid of 

Schlieren photographs and pressure distributions  in Figures 39a and b.    Figures 

40,  41 and 42 show  in detail the development of the heat transfer and pressure 

distributions with interaction strength,  for three values of the Reynolds 

number at beginning of the interaction.    Here,  as  in our earlier studies, 

there is almost no upstream influence ahead of the compression surface before 

separation is induced in the interaction region.    The separation bubble 
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is formed at the bottom of the boundary layer and spreads forward rapidly with 

increasing wedge angle.    A well-defined plateau region is evident in the heat 

transfer and pressure distributions  for large separated regions.    In these 

flows the separation and reattachment regions occupy a length comparable with 

the initial thickness of the boundary layer,  and thus the flows in these 

regions cannot be accurately described by the boundary layer equations.    We 

found large fluctuations of pressure and skin friction in the reattachment 

region,  and the measurements there and close to separation indicate that the 

separation bubble is highly unsteady. 

The most important result from the present study is the reversal shown 

in the Reynolds number trend.    Specifically,  if a sufficiently large Reynolds 

number (based on boundary layer thickness)  is reached, the R   number trend for 

incipient separation and length of separated region is reversed.    The variation 

of the length of separated region with Reynolds number based on boundary  layer 

thickness is shown in Schlieren photographs and pressure measurements given in 

Figures 43a and b.    Here we se that with 8 approximately constant,  increasing 

R     causes the separated region to decrease in size in contrast to the 
S AT 

measurements reported in Holden     and earlier studies, where an increase in 

unit Reynolds number caused an increase in the size of a separated region. 

Figures 44,  45 and 46 show the effect of Reynolds number on the size of the 

interaction region for a range of interaction strengths.    We see that at  large 

Reynolds numbers increases Reynold number decreases the length of the inter- 

action.    This is the first time such a reversal in trend has been observed in a 

single experiment,  though the trends we observe at high R e's are in agreement 

with measurements on tunnel walls by Roshko and Thomke.        Whether this reversal 

results  from changes in the properties of the initial boundary layer or from 

changes in the mechanics of the viscous-inviscid interaction process remains to 

be determined.    However,  this result has far-reaching implications from both 

wind tunnel simulation and theoretical modeling viewpoints. 

Externally Generated,  Shock-Induced Separated Flows—The previous 

section included Schlieren photographs and distributions of heat transfer,  skin 

friction,  and pressure for wedge-induced separated regions over a Reynolds 
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Re^-SxIO6 

Fig-ire 43a.   VARIATION OF SIZE OF SEPARATED REGION WITH 
REYNOLDS NUMBER (1^= 8.6 ew= 33°) 
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4 6 number R        range from 10    to 3 x 10  .    The effects of both unit and absolute e o 
Reynolds number on incipient separation and the scale of a separated interaction 

region were studied for shock-induced interaction regions over the same range of 

Reynolds number and Mach number conditions.     Figure 47 shows the development of 

the  interaction with increasing strength of incident shock.    It is almost 

impossible to determine whether separation has occurred by examining the 

Schlieren photographs or the static pressure distribution.    However,  the 

fluctuating component of both heat transfer and pressure increases dramatically 

when separation occurred from the skin friction distribution.     In fact,  observ- 

ing the fluctuating component of pressure,  or output from thin-film or hot-wire 

gages, may be one of the best ways of detecting separation.    With increasing 

strength of interaction,  the separation shock moves upstream of its initial 

position at the base of the incident shock.     Interestingly,  there are strong 

visual similarities between shock-wave-laminar and shock-wave-turbulent 

boundary layer interactions at high hypersonic Mach numbers   (Moo 16-»19). 

Possibly the similarities are the result of similar positions of the sonic 

line. 

The distribution of properties  through the interaction regions  is shown 

in  Figures  48 and 49.    As in the wedge-induced separated flow studies,  a well- 

defined plateau region is evident in the pressure and heat transfer distribution 
24 

for  large separated regions.    Contrary to the most recent predictions by Reeves, 

the plateau pressure is not strongly dependent on the scale of the interaction. 

This discrepancy is illustrated in Figures 50a and b, where the Reeves 

method can be seen to overpredict the observed plateau pressure.    Perhaps one 

of the most  important features of these shock-induced interaction regions is the 

large degree of unsteadiness  in the separation and reattachment regions, which 

may be of considerable practical  importance. 

The results of the measurements  of incipient separation induced by an 

externally generated shock are in agreement with measurements  for wedge-induced 

interactions with respect to the pressure rise to cause separation.     Perhaps 

as   important,   there is also a reversal   in the Reynolds number trend for 

incipient separation once a sufficiently  large Reynolds number is reached.    The 
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Figure 50a.    VARIATION OF PLATEAU PRESSURE WITH MACH NUMBER 
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Figure 50b.    VARIATION OF PLATEAU PRESSURE 
WITH SIZE OF SEPARATED REGION 
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3.      CHARACTERISTICS OF SEPARATED TURBULENT INTERACTION REGIONS 

A major object of both theoretical and experimental studies is to 

determine the size, development and properties of turbulent regions, in terms 

of the strength and nature of the disturbance, the Mach number and Reynolds 

number in the local inviscid flow, and the character of the undisturbed 

boundary layer upstream of the interaction. Of course, turbulent separated 

regions can be promoted in numerous physical situations; however, from the 

viewpoint of understanding the scaling parameters and developing theoretical 

models to describe these regions from the beginning of the interaction to down- 

stream of the neck region, experimental measurements in regions of shock wave- 

boundary layer interaction resulting from an oblique shock incident on a turbu- 

lent boundary layer over a flat plate, or in a compression corner where neither 

separation of reattachment is fixed by the model geometry, are of most value. 

Almost without exception the measurements made in studies to determine the 

characteristic anJ scaling laws of turbulent viscous interactions regions were 

obtained with instrumentation with zero or very limited frequency response. 

Our recent measurements in hypersonic flows indicate that the fluctuating com- 

ponent of the separated flow field is also of great importance.  However, we 

will defer a discussion of this aspect of the subject until the next section, 

and concentrate on observations on the mean properties of these flows. 

The development of separated regions, induced in a compression corner 

and at the base of an incident shock, with increase in interaction strength in 

hypersonic flow are illustrated in Figures 39 to 53, respectively. Separation 

is first observed in the laminar sublayer and a well-defined separation bubble 

is clearly visible in Figure 54.  The initial development of the separation 

region takes place by an elongation into the laminar sublayer, with the separa- 

tion and reattachment shocks combining within the boundary layer to form a 

single shock. Only when the separation point has fed well forward of the junc- 

tion is a well-defined plateau region formed. Then, in contrast to laminar 

interaction regions, the separation shock originates at the bottom of the 

boundary layer and is contained within the boundary layer until it coalesces 

with the reattachment compression process. 
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In separated regions induced by externally generated shock,  separa- 

tion first takes place in the region where the incident shock strikes the 

laminar sublayer.    The separation point moves forward with increasing strength 

of the incident shock until the separation shock becomes visible in the inviscid 

flow downstream of the incident  shock;  as yet separation is still downstream of 

the point where the incident shock passes through the edge of the boundary 

layer.     For large incident shock strengths,   the separation point feeds well 

forward of the incident shock and boundary thickening occurs ahead of the inci- 

dent shock in an analogous fashion to laminar flow separation.    However,  as in 

wedge-induced separated regions,   viscous-inviscid interaction takes place al- 

most entirely within the original boundary    layer.    The structure wedge and 

shock-induced turbulent interaction regions at Mach 13 are very similar to 

those at Mach 8; however,  as we might anticipate,  the viscous  interaction 

region and the associated shocks  are even more firmly embedded within the 

original boundary layer. 

The surface measurements indicated that turbulent separated regions 

were highly unsteady and typically the separation point would oscillate in a 

streamwise direction with an amplitude of approximately one-quarter to one- 

third of the local boundary layer thickness, at frequencies in the range from 

1 to 10 kHz.    The unsteady character of the records from transducers in the 

recirculation region indicated it would be unrealistic to assume that a laminar 

sublayer model,  in the conventional sense,  could be used to describe the lower 

part of the recirculating region as is done,  for example,  in Rose's      theo- 

retical model.     The mean distribution of skin friction, heat transfer and pressure 

to the wall's bounding, both shock- and wedge-induced interaction regions were 

similar for well separated flows with identical total pressure rises.    Figure 

shows such distributions for a shock-induced interaction at Mach 8.6.    Both the 

pressure and heat transfer distributions are characterized by well-defined 

plateaus  in the recirculation region and large gradients in the separation and 

reattachment regions.    The maximum heat transfer rates generated in the re- 

attachment regions of these flows is,  of course,  of considerable importance. 

We found that for separated interaction regions the maximum pressure and heat 
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transfer measurements over the Mach number range from 6.5 to 13 could be cor- 

related in the form: 
■MAX 'MA*. 

0.85 

% \   to    J 

as  shown in  Figure 55,  with data from other sources. 

The effects of Reynolds number.  Mach number, and wall-to-free stream 

stagnation temperature ratio on the scale of the interaction region has been a 

source of controversy since the time experimental studies of these regions 

began.    Dealing  first with the less controversial aspects, our studies at Mach 

numbers from 6 to  15 showed that the length of the separated region decreased 

with increasing Mach number and decreasing wall-to-free stream temperature 

ratio,  though the  latter trend was weak.     The weak effect of wall-to-free 

stream temperature ratio is  in marked contrast to the behavior of laminar in- 

teraction regions but  is again consistent with the results of studies  in super- 
53 

sonic flow and those of Gulbran      et al.   at hypersonic speeds. 

The influence of Reynolds number on the length of the separated 

regions remains unresolved.    Most of the early studies of shock wave-turbulent 

boundary layer interaction were made in the turbulent boundary layer over a 

tunnel wall.    Major discrepancies were found between experiments conducted 

under the same nominal  conditions in different experimental facilities and,   for 
54 

example,  the measurements of Bogdonoff and Kepler      differed considerably from 
17 

those of Gadd      for identical free stream Mach numbers and interaction strength, 

when both experimenters had indicated that there was  little effect of free 

stream Reynolds number on the length of the separated region.    Hammitt and 

llight      found that the separated length was  influenced by Reynolds number; 

however,  their results were not in quantitative agreement with earlier measure- 

ments with identical free stream conditions and interaction strengths but  in 

different facilities.     It was concluded at that time that both the model and 

tunnel geometry were important factors  in the absolute scale size of the inter- 

action and there appeared to be little object in obtaining correlation of scale 

size in terms of the initial boundary layer thickness and properties of the 
44 45 46 

free  stream.     However,   the measurements  of Green,       Roshko and Thomke,       Law 
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47 48 
Settles, Bogdonoff and Vas,  and Appels,  all made under adiabatic wall con- 

ditions, indicate that increasing Reynolds number decreases the size of a 

turbulent separated region.  In contrast, the studies of Chapman, Kuehn and 

Larson,  , Kuehn  and more recently Holden,  Elfstrom  and Appels  at 

hypersonic speeds, all conducted on "highly cooled" models mounted in the test 

section, have shown the opposite trend. As in the case of incipient separation 

the answer may lie in changes in the equilibrium structure of a turbulent 

boundary layer with Reynolds number. This hypothesis is supported by present 

measurements of shock- and wedge-induced separated flows at Re^'s of up to 
+ 7 5 

3 x 10  by Holden.  For Re6's 7 x 10 , Holden found the same trend observed by 

Roshko as illustrated in Figures 56 and 60. Again, further studies are re- 

quired to completely resolve this issue. 

The plateau pressure of a turbulent separated region is an important 

characteristic, which from free interaction theory should not depend upon the 

way in which separation is promoted. The correlation of experimental measure- 

ments shown in Figure 57 suggests that this is the case, and the method of 

Reshotko and Tucker  presents a simple way of calculating this quantity.  In 
2A 

contrast, the more sophisticated method of Reeves  predicts far larger plateau 

pressures at high Mach numbers than are observed in experiment. Reeves suggests 

that the plateau pressure is strongly influenced by the length of the separated 

region, which again is not supported by experimental measurements as shown in 

Figures 50a and b.  Although the time-dependent Navier Stokes equations have 

been used with some success to describe turbulent separated flows, the develop- 

ment of simple methods, such as the integral technique are still required for 

engineering calculations of these flows. 
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4. INCIPII-NT SEPARATION 

The first appearance of a region of reverse flow adjacent to the wall 

or a condition where there is a vanishingly small  separated region,  is referred 

to as incipient  separation.    A knowledge of incipient separation is important 

from a designer's viewpoint because it  is at this point that sudden and gen- 

erally unpredictable changes occur in the fluid dynamics of the system under 

study.    However,   it is even more important to a theoretician for it allows him 

to check a theoretical description of a viscous  interaction region for a limit 

where a separation profile is  formed,   and yet  a recirculation region has not yet 

developed. 

From both the theoretician's and the experimentalist's viewpoint,  it  is 

important to establish whether the incipient separation phenomenon is independent 

of how the interaction is induced.    If incipient separation can be induced on a 

flat plate-wedge compression surface for the same total pressure rise that it 

takes to separate an identical boundary layer with an externally generated 

oblique shock,   then this has  far reaching implications  for the theoretical 

modelling of the  flow.    The variation of the  incipient  separation condition 

with Mach number and Reynolds number of the  free stream,  also provides a method 

for cross   checking theoretical models  and experimental measurements.     It would 

be hoped that  the  identical  incipient  separation condition could be approached 

by either increasing the disturbance,   tending to promote the separation of an 

attached boundary  layer,  or reducing the strength of the interaction for a 

separated flow.     While our studies  indicate this  appears to hold true  for 

externally generated shock-induced and wedge-induced interaction regions,  the 
49 studies  of turbulent  interaction regions by  Kuehn      indicate that a significant 

hysteresis effect  can take place on curved surfaces  in a dynamic situation.     He 

found that the deflection angle required to promote a separated region when 

flow was  initially  attached was  larger than the wedge angle for incipient  sepa- 

ration when separation was already established,  and the deflection angle was 

lowered to produce incipient separation. 
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From the recent experimental studies of turbulent separation, there 

appears to be an emerging picture of turbulent separation as a two-stage 

process. First, separation occurs in the laminar sublayer, with a laminar 

recirculation region forming at the base of the turbulent boundary layer. As 

the strength of the interaction is increased, a turbulent recirculation region 

is formed and the size of this region increases rapidly with interaction 

strength. Based on this model of the turbulent separation process, the occur- 

rence of separation must depend upon the method chosen to detect it and the 

relative thickness of the laminar sublayer. For example, the relatively small 

thickness of the laminar sublayer in high Reynolds number, highly cooled flow 

should make the laminar separation harder to detect and of less importance than 

in slightly supersonic flows over adiabatic surfaces. The studies of Holden, 
56 48 

Elfstrom  and Apnels   in hypersonic flows over highly cooled walls have 

demonstrated an abrupt change in the characteristics of upstream influence when 

a turbulent boundary layer "separates." In contrast, measurements by Spaid and 
57      48 45 47 

Frishett,  Appels,   Roshko and Thomke,   and Settles et al.,   made under 

conditions where the laminar sublayer exerts a fargreater influence on the 

development of separation, demonstrate a less definitive separation process. 

Although it is difficult to define incipient separation for the general 

case cf three-dimensional turbulent separated regions, for two-dimensional 

steady flow we can define incipient separation   the condition where the skin 

friction is positive everywhere in the interaction region but at one point is 

vanishingly small. Unfortunately, turbulent interaciion regions in hypersonic 

flow are far from steady and the problem in these regions becomes how to 

define incipient separation in an unsteady flow.  In the experimental studies 
43 

by Holden, where dynamic measurements of the skin friction in turbulent inter- 

action regions were made, the separation conditions were defined when the time 

average of surface shear at one point only on the surface was zero. 

Host experimentalists do not have access to small skin friction trans- 

ducers and thus a numbe~ of alternative techniques have been devised as separa- 

tion criteria. One of the most widely used separation criteria was proposed 

by Kuehn, which equates the first appearance of an inflection point in the 
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pressure distribution in the interaction region with separation. Green 44 found 

that in shock-induced turbulent separated regions a distribution with an inflec

tion point was developed only when a relatively l ~rge separated region has been 

formed. Holden also showed this criteria is seriously in error when applied to 

externally generated shock-induced interactions in hypersonic flow; separation 

was found to take place well downstream of th~ point where the incident shock 

entered the boundary layer. A Schlieren photograph of the incipient separation 

cc. .1dition at Mach 6. 5 is shown in Figure 58. We must, as pointed out earlier, 

distinguish between techniques to detect the first appearance of reverse flow 

and ones suggested to determine when the size of separated regions are of 

significant proportions. Oil flow measurements, measurements of surface shear 

with skin friction gates, or surface pitot's, orifice dam and heat transfer 

measurements have been used to detect the presence of separation in the sub

layer. Observing an inflection in the pressure distribution, plotting the 

upstream influence with interaction strength and observing the first appearance 

of a separation shock wave served as pragmatic indicators of boundary layer 

separation. The studies of Green, Spaid and Frishett, Appels and Settles, 

Bogdanoff and Vas have demonstrated that incipient separation measurements 

using the liquid line method give incipient separation angles significantly 

less than those determined from the pragmatic methods, because each detects a 

different phenomena. The relative difference between the methods depends on 

the structure of the boundary layer and the size of the instrumentation. 

However, there is relatively good agreement between measurements of incipient 

separation where a specific criteria is uniformly applied. Figure 56 shows a 

comparison between measurements made at approximately Mach 3 on models with 

adiabatic wall conditions. These measurements are seen to be in relatively 

good agreement despite the differences in Reynolds number trend, which will 

be discussed later. Roshko and Thomke 
45 

have recently suggested the correla

tions of incipient separation in terms of «;, 10 , 4
0 

, and Cf~ shown in 

Figure 59. They suggest that 1.0 /o. = 0.55 is the upstream influence when the 

pragmatic separation criteria are used, whereas l 0 /o0 = 0.05 characterizes the 

upstream influence when oil flow measurements are used. Roshko and Thomke note 

that the results of other investigators' measurements at higher Mach numbers 

and under cooled wall conditions do not agree with the later correlation, pre

sumably because the relative structure of the laminar sublayer is different. 
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FILLED SYMBOLS FROM TRADITIONAL PLOT 
■V-       Ma 3.81 

O       LIQUID LINE 

-^-       M0 3.8 ROSE, 1973 (LIQUID LINE) 

HUMP 
(      Me = 2.90, SPAID AND 

FRISHETT, 1972 

<  V  «0'*=    öi  <Cfi   Cf*o) = 0.55 

ADIABATIC WALL 

, ^o o   o 

0.4 08        1.2 1.6 

Cf| x 103 

2.0 2.4 2.8 

Figure 59.        CONDITIONS FOR INCIPIENT SEPARATION 
2.5   <   Me  «=;   5 

(ROSHKO AND THOMKE 1975) 
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43 56 52 Measurements made by Holden, Elfstrom and Appels under high Mach 

number highly cooled wall conditions are compared with adiabatic wall data dis

cussed above in Figure 60. These measurements clearly indicate that increasing 

the Mach number increases the strength of the interaction required to induce 

separation. Holden found, by studying both shock- and wedge-induced separated 

flO\vS, from Hach 6. 5 to 13 that the pressure rise to induce incipient separation 

was independent of the disturbance promoting the interaction. In view of the 

vastly different flO\" geometries in these two experiments, this is perhaps a 

surprising and important result. However, this allows us, with some justifica

tion, to view the separation mechanism as a gross balance between inertial and 

vis co us forces at the '"all. \Ve can write, in the spirit of Chapman's analysis 

where '"e suggest L = M
0 

d , thus 

Figure 61 shows a correlation of incipient separation conditions determined in 

the studies at hypersonic speeds together with the measurements on adiabatic 

walls at supersonic speeds. With the exception of Kuehn's neasurements, the 

effect of Reynolds number is weak. However, the studies of Kuehn, 49 Sterrett 
58 43 56 52 5 and Emery, Holden, Elfstrom and Appels indicate that for Re 6 - 7 x Hi 

increasing the Reynolds number decreases the angle to promote separation or 

decreases the length of a separated region. Roshko and Thomke, 45 Law, 46 and 
48 

Appels find that increased Reynolds number increases the angle to promote 

separation or decreases the length of a separated region. However, Settles, 

et al. 
47 

finds incipient separation remains uninfluenced by Reynolds number, 

while the scale of a separated interaction region decreases \vith increased 

Reynolds number. It remains to be determined how the method used to define 

incipient separation can be influenced by the trend observed. The reader is 

referred to thE original papers by Roshko and Thomke, 45 Law,46 Settles, 
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47 
Bogdonoff and Vas      for a detailed debate on the validity of each other's 

techniques and data interpretation.     We should, however, briefly discuss the 

difference in the Reynolds number trends observed when a similar criteria was 

used to detect incipient separation. 

Most of the arguments advanced to explain the difference in Reynolds 

number trends observed,  center about the nonequilibrium development of a tur- 

bulent boundary layer downstream of a transition region or downstream of an 

expansion to which a nozzle wall boundary layer is subjected.     Studies by 

Johnson and Bushneil      have demonstrated that the power law exponent [r>] in the 

relationship,    —   - (■&■ )  ''decreases  from a  local maximum downstream of transi- 

tion,  with  increasing Reynolds  number until  the boundary layer becomes  fully 

developed  (see Figure 60}.    Beyond this point [r)J increases with Reynolds 
49 number.     From this viewpoint,   Kuehn's      measurements show a decreased resis- 

tance to separation with Reynolds number because the velocity profile becomes 

less full as a result of relaxation of the boundary layer.    The measurements 
45 of Roshko and Thomke      exhibit the opposite trend because they were performed 

at Reynolds numbers where [n] was  increasing with Re^ .     It  should be mentioned 

that the measurements made on tunnel walls are also influenced by similar non- 

equilibrium effects.     Studies by Wallace,   "   Bushnell      and Fiore      have demon- 

strated that the structure of a turbulent boundary layer on a tunnel wall 

differs significantly from the boundary layer over a flat plate.    The non- 

equilibrium effects introduced by the favorable pressure gradient on the tunnel 

walls can persist as tar as 100 boundary layer thicknesses downstream of the 

end of the nozzle.     This  effect  causes a relatively fuller turbulent boundary 

layer profile, which would be more difficult to separate.    However,  both 
45 47 

Roshko and Thomke,       and Settles,   Bogdonoff,  and Vas       find the same variations 

with Reynolds number whether the experiments were conducted on tunnel walls or 

with axisymmetric models.    We found in the present study a change in the 

Reynolds number dependence from a decrease to an increase in the resistance to 

separation,  as the length or unit Reynolds number increased.     See Figure 61. 

Again,  this result can be explained in terms of a change in the variation of 

skin friction coefficient with Reynolds number,  because of nonequilibrium 

effects  through the relatio ship   Cr or 
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OVERSHOOT REGION 

m = 2.0 

I    I   I  I I I J L ■    '   ■   ■ 
8 104 

Ve 

6     8 105 

Figure 62.   VARIATION OF N WITH Re e FOR FLAT PLATES, 
CONES, AND HOLLOW CYLINDERS 
( JOHNSON AND BUSHNELL, NASA TN D-5753 ) 
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measurements on flat plates and cones combined with the present separation 

study strongly support this explanation. Our measurements suggest that between 

50 to 100 boundary layer thickness downstream of the point of maximum heating 

for the turbulent boundary layer to exhibit the characteristics of an equilib- 

rium turbulent boundary layer. Beyond this point the boundary layer exhibits 

an increase in N   with Reynolds number, and becomes more difficult to separate. 

An alternative explanation is offered by Elfstrom  who equates the change in 

Reynolds number trend to detailed changes in the wake component of the boundary 

layer. Clearly, further experimental and theoretical studies are required to 

fully understand the mechanism of turbulent boundary layer separation. 
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5.      COMPARISON BETWEEN EXPERIMENT AND NAVIER-STOKES SOLUTIONS 

The experiments performed in the present study revealed, for the first 

time, that both trends can be observed on models mounted within the test core 

if a sufficiently large Reynolds number range can be generated.  In addition, 

it was demonstrated that this behavior was not sensitive to whether the 

Reynolds number at the interaction was generated by a long model with a 

moderate unit Reynolds number, or a short model under high Reynolds number 

conditions.  Studies of the heat transfer and skin friction distributions in 

and downstream of the transition region on the flat plates suggest that the 

boundary layer approaches an equilibrium turbulent condition well upstream of 

the basic interactions under study. However, the exact reason for this rever- 

sal in trend has yet to be explained.  It has been suggested that the reversal 

observed in the experiments results from the variation of  n with Reynolds 

nuirber in the power law relationship U/U^ = [y/S)       in that n exhibits first 

a decrease and then subsequently an increase as the local Reynolds number 

increases.  However, this explanation does not advanced the understanding of 

the viscous-inviscid interaction by which turbulent separation takes place. 

Because the length of the separation region is of the same magnitude as the 

boundary layer thickness, we are concerned that any explanations or scaling 

laws derived from the boundary layer equations will prove satisfactory.  To 

circumvent these and other problems resulting from the elliptic nature of the 

recirculating flow, attempts have been made by Baldwin and McCormack at NASA 

Ames Research Center to solve the Navier-Stokes equations. 

The explicit finite-difference method used in the calculations are 
29 28 

described in Baldwin  and MacCormack.   This theory has been compared with 

experiments performed in the present study for shock-induced separations 

(M  = 8.47, R„ = 22.5 x 106, 0 ,  . = 19.8°).  The computational field was 
c^ shock ' 

confined to the neighborhood of the interaction, a region extending between 

23 and 28 inches from the leasing edge of the flat plate. The initial boundary- 

layer profiles at x = 23 were computed according to Marvin " with variations 

that will be described.  Preliminary results have been obtained at two levels 

of approximation:  a simple mixing length model, ' and the Saffman two-equation 
64 

transport model of turbulence. 
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Figure bl  shows variations in the initial velocity profile that have 

been considered in calculations based on the mixing length model of turbulence. 

The computed streamlines resulting fi'om the assumed velocity defect are shown 

in Figure 63.  The extent of the separation bubble both along the plate and 

normal to the plate is about twice as large as from the computations based on 

the Marvin-Sheaffer profile. 

Figure fc)4 contains comparisons of computed pressure, skin friction 

and heat transfer with the measurements.  The results from the Saffman model 

are in better agreement with the experiment than those from the mixing-length 

model except fpr possibly the pressure distribution.  However, a slight varia- 

tion of the assumed velocity defect could easily alter the pressure distribu- 

tion. The higher values of skin friction and heat transfer aft 01 reattachment 

from the Saffman model are due to time lags in turbulent energy and scale of 

turbulence, not accounted for in the mixing length model. A high level of 

turbulence generated over the bubble persists downstream and diffuses toward the 

wall.  Significantly larger values of eddy viscosity occure in the viscous 

sublayer than indicated by the mixing length model. 

An interesting result from these solutions was a calculation of the 

real time that it took for a steady solution to be reached.  Figure 65 contains 

a plot of Cr (28 inches from the leading edge) versus time according to a 
r 

Saffman model calculation. The starting solution at time zero was taken to be 

the converged solution from a mixing length calculation. An equilibrium con- 

dition of the Saffman equations (turbulent energy production equal to dissipa- 

tion) was used to obtain the starting values of pscudovorticity and turbulent 

energy corresponding to the local values of eddy viscosity from the mixing 

length model.  Experiments indicate that steady turbulent separated flows are 

established within 1 millisecond after the initiation of the flow over the 

model. 

Although the Saffman two-equation transport model of turbulence gives 

better agreement with the measurements than does the mixing length model, we 

are still faced with the problem of how best to evaluate the model of turbulence. 
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Indeed, one can achieve a considerable change in the computer solution for 

heat transfer and skin friction distribution by incorporating surface roughness 

into mixing length theory. Figures 66 and 67 show comparisons of calculated 

values of skin friction and heat transfer with and without a roughness height 

of 0 .0002 inch behind the interaction. In these calculations, Baldwin in

corporated roughness into the calculations by increasing the argument of the 

exponential in the Van Driest factor to 26 times the recommended value for 

smooth \"alls. The extreme sensitivity of the surface solutions to roughness 

makes it important to obtain definitive data in the interacting flow field. 
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6.      CONCLUSIONS 

Correlations are presented of the properties of transitional and 

turbulent boundary layers in high Reynolds number hypersonic flow over flat 

plates and cones. Measurements of transition have been correlated in terms of 

RBQ,  ^e^, and M as well as the parameters suggested by Pate and Schueler. 

The measurements did not correlate well in the latter format.  Heat transfer 

measurements through the transition region could be expressed in terms of the 

intermittency relationship Cr = d'   Cr  -,...,„ + id'-I)  C., . ... where the inter- 
r r 1 UKhS r LAM 

mittency factor 7  is expressed by the relationship ?   = (f- e      )/(*-&'*)• 

The skin friction and heat transfer measurements made on flat plates and cones 

have been compared with the theories of Van Driest II, Spalding and Chi, and 

Eckert.  The Van Driest II method is in best overall agreement with the measure- 

ments in the Fc cr- F^Q RQBplane.     Our measurements suggest that it take 

from 50 to 100 boundary layer thicknesses downstream of the point of maximum 

heating in the transition region before the boundary layer attains "equilibrium". 

Detailed measurements have been made in regions of shock- and wedge- 

induced turbul'ent interaction regions. These measurements have demonstrated a 

reversal in the trend of incipient separation with Reynolds number postulated 

previously on the basis of experiments for widely different model configurations 

and test conditions.  We believe that this trend reversal results directly from 

changes which occur in the velocity profile downstream of transition such that 

N  (in the relationship N = N (  ^CQ  ) decreased downstream of transition 

until an equilibrium boundary layer is established, when N increases slowly with 

Reynolds number.  Correlations of the characteristics of these interaction 

regions are presented in terms of model configuration and free stream condi- 

tions. The solutions to the Navier-Stokes equations were found to be in sur- 

prisingly good agreement with the measurements considering the problems in- 

volved in describing the development of turbulence through these interaction 

regions.  However, further detailed profile measurements are required to assist 

in the development of accurate models to describe turbulence in regions of shock 

wave-turbulent boundary layer interaction. 
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